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PROJECT 5109: EPITAXIAL GROWTH OF 1 1 1 - V  SEMICONDUCTOR COMPOUNDS 
National Aeronautics and Space Administration 
Grant N s G - 5 5 5  
Pro jec t  Leader: G. L. Pearson 
S t a f f :  D. H. Loescher 
The purpose of t h i s  pro jec t  i s  t o  study t h e  chemical, e l e c t r i c a l  and 
o p t i c a l  p rope r t i e s  of cobal t  as an impuri ty  i n  gallium phosphide. The 
thermodynamic p rope r t i e s  of te rnary  systems cons i s t ing  of G a A s  or GaP 
and an added impurity a r e  also under i nves t iga t ion ,  
I. INTRODUCTION 
The s tudy of cobal t  doped gallium phosphide n a t u r a l l y  d i v i d e s  i t s e l f  
i n t o  t h r e e  pa r t s ,  namely: (1) the  meta l lurg ica l  p rope r t i e s  of t h e  cobal t -  
gall ium - phosphorus te rnary  system; (2) t h e  e l e c t r i c a l  p rope r t i e s  of 
coba l t  doped gall ium phosphide c r y s t a l s ;  (3) the  o p t i c a l  p rope r t i e s  of 
coba l t  doped c r y s t a l s .  The discussion below summarizes our  work during 
t h e  pas t  qua r t e r  on p a r t s  (1) and (2) .  
11. EXPERIMENT 
Four GaP c r y s t a l s ;  two undoped (Slg, S 2 3 ) ,  one Zn doped (Znl),  one 
s u l f u r  doped (S21) were grown during t h e  quar te r .  Radio-tracer cobal t  
w a s  d i f fused  from two sides i n t o  s l a b s  cut  from S l 9  and S21. The d i f f u -  
s i o n s  were done a t  llOO°C and 1200°C f o r  t i m e s  ranging from 24 hours t o  
28 hours.’ The coba l t  d i f fus ion  p r o f i l e  i n  each sample was determined 
us ing  standard rad io- t racer  lapping and counting techniques. 
The e l e c t r i c a l  p rope r t i e s  of t h e  c r y s t a l s  S 2 3  and Znl were measured 
0 
a t  temperatures between 80 and 300 K. 
. -  
111. EXPERIMENTAL RESULTS 
A. Diffusion Experiment 
The r e s u l t s  of t h e  d i f fus ions  a t  1100 C and 1200 C a r e  shown i n  
0 0 
Figures  1 and 2 respec t ive ly .  The apparent d i f f e rence  i n  each p r o f i l e  
near  t h e  f r o n t  and back sur face  of t h e  sample i s  caused by crumbling of 
t h e  sample. As concluded previously on t h e  bas i s  of t h e  p r o f i l e s  measured 
a f t e r  d i f fus ing  i n  from only one face ,  t h e  cobal t  concentrat ion drops 
r ap id ly  near  t h e  f aces  but i s  near ly  constant  i n  t h e  body of t h e  sample. 
The coba l t  concentrat ion a f t e r  a 1100 C d i f fus ion  i s  seen from Fig. 1 
t o  be 2 X 10 
of t h e  background doping of t h e  c r y s t a l .  A t  1200 C t h e  measured con- 
c e n t r a t i o n  i s  7 X 10l6 i n  t h e  heavi ly  s u l f u r  doped c r y s t a l  and i s  
1.4 X 1017 i n  the  undoped c rys t a l .  
t r a t i o n  on t h e  background doping i s  discussed i n  sec t ion  I V  below. The 
p r o f i l e s  show t h a t  a sample with a near ly  uniform Co concentrat ion can 
be obtained by lapping approximately seventy microns from each f ace  of 
a C o  d i f fused  c rys t a l .  
0 
16 C o  per  c m 3  and t h i s  concentrat ion i s  nea r ly  independent 
0 
This dependence of t h e  Co concen- 
B. E l e c t r i c a l  Measurements 
The r e su l t s  of e l e c t r i c a l  measurements on a Zn doped c r y s t a l  and on 
an undoped c r y s t a l  a r e  shown i n  Fig. 3 and Fig. 4 respec t ive ly .  The Zn 
doped c r y s t a l  was grown by adding 3.22 X 10 
of Ga used f o r  t h e  growth. The growth was stopped a t  t h e  end of e igh t  
hours  a t  which t i m e  approximately 8 grams of t h e  Ga - Zn mixture had been 
consumed. The quan t i ty  of Zn was chosen t o  give a Zn flow of 3 X 10 
moles per  minute. 
-6 grams of Zn t o  t h e  16 grams 
-10 
The number 3 X 10-l' moles per  minute i s  t h e  impurity 
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flow found necessary t o  produce a s u l f u r  doped c r y s t a l  containing approxi- 
m a t e l y  1017 impur i t i e s  per  cm3. The Zn flow increased throughout t h e  
growth s ince  t h e  Ga was used f a s t e r  than Zn. The Hal l  measurements shown 
i n  Fig. 3 lead t o  a value f o r  N - ND of 4 X 10l6 carriers/cm3. This  
value i s  reasonably c l o s e  t o  t h e  value of N 
A 
1017 which was desired.  A 
From the  p l o t  R4T 3’2 shown i n  Fig. 3 t h e  a c t i v a t i o n  energy of 
z inc  is  found t o  be 0.032 ev. The p l o t  of t h e  mobi l i ty  i n  t h e  same 
f i g u r e  shows t h a t  a t  temperatures above 100 K t he  mobi l i ty  i s  proportion- 
a1 t o  T 
i n g  i s  t h e  dominant s c a t t e r i n g  mode t h e  mobi l i ty  a t  294 K i s  much too  low 
f o r  l a t t i c e  s c a t t e r i n g  t o  be the  only important s c a t t e r i n g  process. This  
c r y s t a l  w i l l  be used t o  s tudy t h e  o p t i c a l  spec t r a  of C o  impur i t i e s  d i f f u s -  
ed i n t o  p-type mater ia l .  
0 
. While t h i s  T-3/2 dependence suggests  t h a t  l a t t i c e  s c a t t e r -  -3/2 
0 
The e l e c t r i c a l  p rope r t i e s  of an undoped c r y s t a l  (S23) a re  shown i n  
14 
c a r r i e r s  
A t  250°K t h e  number 
F igure  4. 
p e r  cm3 and does not depend s t rongly on temperature. 
of c a r r i e r s  begins t o  increase  rap id ly  as  t he  temperature is  increased. 
The observed temperature behavior of t he  c a r r i e r  dens i ty  can be explained 
by assuming t h e  presence of approximately 10 deep donors with an 
a c t i v a t i o n  energy of about 0.3 ev. Measurements a t  higher  temperatures 
should c l a r i f y  t h e  properties of t he  deep donor. The f i g u r e  a l s o  shows 
t h e  temperature dependence of the  r e s i s t i v i t y  and of t h e  mobili ty.  The 
value of t h e  room temperature mobili ty,  which i s  about one ha l f  of what 
would be expected f o r  a c r y s t a l  containing 1014 - 10 
suggests  t h a t  t h e  c r y s t a l  may be q u i t e  badly s t ra ined .  
A t  low temperatures t h e  c a r r i e r  dens i ty  i s  1.3 X 10 
16 
16 impuri t ies ,  
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I .  
I V .  THEORY AND DISCUSSION 
The method of Shockley was used t o  determine t h e  expected depen- 
2 
dence of t h e  Co concentrat ion on t h e  background doping. The c a l c u l a t i o n  
shows t h a t  i f  Co d i f f u s e s  as an acceptor with an a c t i v a t i o n  energy of 
0.3 ev  then t h e  concentrat ion i n  t h e  sample with t h e  background doping 
17 of 10” should be twice t h e  concentrat ion i n  t h e  sample doped 2 X 10 . 
I n  general ,  t h e  ana lys i s  shows tha t  i f  Co d i f f u s e s  a s  an acceptor  then 
t h e  coba l t  concentrat ion must increase  a s  t h e  background donor concen- 
t r a t i o n  increases .  However, Figs. 1 and 2 show t h a t  t h e  Co concentrat ion 
i s  e i t h e r  independent of t h e  background doping or ac tua l ly  decreases  a s  
t h e  background i s  increased. Consequently, Co must be d i f f u s i n g  a s  
e i t h e r  a neu t r a l  spec ies  or possibly a s  a donor. This  l a s t  f a c t  i n  con- 
junc t ion  with the  f l a t n e s s  of the p r o f i l e s  suggests  t h a t  Co d i f f u s e s  
a s  a neu t r a l  o r  a s  a p o s i t i v e  i n t e r s t i t i a l .  
V. CONCLUSION 
During t h e  l a s t  qua r t e r  work on t h i s  p ro jec t  continued along t h e  
l i n e s  set f o r t h  a t  t h e  beginning of t h e  pro jec t  with emphasis on thermal 
and e l e c t r i c a l  measurements. The resu l t s  of t h e  measurements were 
d i scussed  above. The e l e c t r i c a l  p rope r t i e s  of Co doped samples w i l l  be 
inves t iga t ed  i n  d e t a i l  during t h e  next quar te r .  
- 4 -  
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FIGURE CAPTIONS 
0 
Fig. 1 The d i f fus ion  p r o f i l e  of C o  a f t e r  d i f f u s i o n  a t  1100 C i n  an 
18 
undoped sample and i n  a sample doped with approximately 10 
3 s u l f u r  atoms per  c m  . 
0 
Fig. 2 The d i f f u s i o n  p r o f i l e  of Co a f t e r  d i f fus ion  a t  1200 C i n  a 
sample doped with 2 X 1017 s u l f u r  atoms per  cm3 and i n  a 
sample doped wi th  approximately 10l8 s u l f u r  atoms per  ern 3 
312 Fig. 3 The Hal l  c o e f f i c i e n t  m u l t i p l i e d  by T , t h e  r e s i s t i v i t y ,  
and t h e  mobi l i ty  of a Zn doped crystal  a r e  shown as  a funct ion 
of r ec ip roca l  temperature. 
Fig. 4 The c a r r i e r  concentrat ion determined from t h e  Hal l  coe f f i c i en t ,  
t h e  r e s i s t i v i t y ,  and t h e  mobi l i ty  of an undoped sample (S23) 
are shown as  a funct ion of rec iproca l  temperature. 
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PROJECT 5112: THE PROPERTIES OF RECTIFYING JUNCTIONS IN G ~ A s ~ P ~ - ~  
National Aeronautics and Space Administration 
Grant NsG-555 
P ro jec t  Leader: G. L. Pearson 
S t a f f :  S .  F. Nygren 
The purpose of t h i s  pro jec t  i s  t o  s tudy  t h e  prepara t ion  and 
cha rac t e r i za t ion  of r e c t i f y i n g  junc t ions  i n  GaP and GaAs P I n  
p a r t i c u l a r ,  w e  wish t o  r e l a t e  the  s t r u c t u r e  of t h e  c r y s t a l s  t o  t h e  
e l e c t r i c a l  p rope r t i e s  of t h e  junct ions.  
x 1-x' 
The GaP c r y s t a l s  produced a t  t h i s  l abora to ry  are e p i t a x i a l l y  
grown on GaAs s u b s t r a t e s  by the method developed by Chen and Loescher 
[Refs. 1, 21. 
found t h a t  t h e  d i s l o c a t i o n  dens i ty  i n  GaP grown by s i m i l a r  processes 
Other i nves t iga t ions  [see, for example, Ref. 31 have 
i s  dependent upon t h e  s u b s t r a t e  o r i en ta t ion .  I n  o rde r  t o  i n v e s t i g a t e  
t h i s  r e l a t i o n s h i p  i n  our mater ia l ,  w e  have grown fou r  undoped c r y s t a l s .  
C r y s t a l s  C 1  and C 3  w e r e  each grown on a (111) Ga plane of t h e  subs t r a t e ,  
and c r y s t a l s  C2 and C4 were each grown on a [ill] A s  plane of t h e  sub- 
s t r a t e .  C r y s t a l s  C 1  and C 2  were grown ind iv idua l ly ;  t h e  s u b s t r a t e s  
f o r  c rys t a l s  C 3  and C 4  were l a i d  s i d e  by s i d e  i n  t h e  furnace,  and t h e  
c r y s t a l s  w e r e  grown simultaneously. 
A l l  f ou r  c r y s t a l s  were then examined i n  t h e i r  as grown condi t ions .  
Both c r y s t a l s  C 1  and C 3  appear c l e a r  and t ransparent .  The i r  su r f aces  
are so smooth t h a t  one can look through t h e  c r y s t a l s  and p l a i n l y  see 
t h e  underlying s u b s t r a t e s .  On t h e  o t h e r  hand, t h e  su r faces  of C2 and 
C 4  look much l i k e  a p iece  of medium-grade sandpaper except t h a t  t h e r e  
are no sharp  edges. The comparison of c r y s t a l s  C 3  and C4 i s  shown i n  
- .  
Figure 1. 
Crys t a l  C 1  was cleaved t o  expose a (110) plane t h a t  was per-  
pendicular t o  the  surface.  Dislocat ion etchant  #1 [Ref. 41 was tested 
on t h a t  face.  The test revealed no well-defined e t c h  p i t s ,  i n d i c a t i n g  
t h a t  e tchant  #1 w i l l  probably be  usefu l  as a d i s l o c a t i o n  etchant  only 
on {lll) planes. The test  did revea l  t h a t  t h i s  e tchant  removes ma te r i a l  
from a (111) Ga face  of GaP a t  t h e  r a t e  of 6.4 p/min, and from a {lll) P 
f a c e  a t  10.1 p/min. 
During t h e  past  quar te r  w e  grew an n-type GaP s i n g l e  c r y s t a l  
doped with s u l f u r  t o  a donor dens i ty  of 1 X 10l8 ~ m - ~ .  
was furnished t o  Electro-Nuclear Incorporated,  Mountain V i e w ,  
C a l i f o r n i a  who used i t  t o  construct  a number of electroluminescence 
diodes. The c r y s t a l  was lapped t o  form a t h i n  wafer, z inc  was d i f fused  
i n t o  one s i d e  t o  form a p-n junction, t h e  wafer was sect ioned i n t o  
small  squares, ohmic contac ts  w e r e  applied t o  e i t h e r  s i d e  of t h e  
squares a f t e r  which they were sealed i n t o  small g l a s s  envelopes. When 
one ampere pulses  were applied i n  t h e  forward d i r e c t i o n  a green l i g h t  
emission of 30 pwatts was detected i n  a plane p a r a l l e l  with t h e  
junct ion.  
height  was 0.03 microns. The quantum e f f i c i ency  of t hese  diodes 
averaged 1.4 X lo-’ which corresponds t o  74,000 e l e c t r o n s  p e r  photon 
and t h e  risetime was less than 10 nanoseconds. These diodes have 
been used i n  NASA spacecraf t  photomult ipl ier  c a l i b r a t i o n  equipment. 
This  c r y s t a l  
The l i g h t  peaked a t  0.56 microns and t h e  width a t  ha l f  
- 2 -  
F i g .  l ( a ) .  GaP E p i t a x i a l  SLngle C r y s t a l  r-3 Grown on 
{111] Ga Seed. ::i?'.~ 
Fig .  l ( b ) .  GaP E p i t a x i a l  S i n g l e  C r y s t a l  c b  Grown o n  
{ l l l ) A s  Seed. XlOO 
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PROJECT 5115: SEMICONDUCTING PROPERTIES OF GALLIUM PHOSPHIDE 
Na t i onal Aeronauti cs and Space Admini s t ra t i  on 
Grant NsG-555 
Pro jec t  Leader: G. L. Pearson 
S ta f f :  J. W. Allen 
The purpose of t h i s  project  i s  t o  s tudy  the  p rope r t i e s  of GaP and 
re levant  t o  their use a s  semiconducting mater ia l s .  
I n  previous r epor t s  (QRR 14, 15) w e  have shown how c r y s t a l  f i e l d  
methods can be applied t o  the  study of t r a n s i t i o n  metal  impur i t ies  i n  
semiconductors. F i r s t  one i d e n t i f i e s  t he  e l ec t ron  configurat ion on 
the  impurity by sp in  resonance or o p t i c a l  techniques ( a s  exemplified 
by Loescher's work ). 1 One then uses the  formalism of c rys ta l  f i e l d  
theory t o  w r i t e  down e l ec t ron  energies  of t h e  configurat ion i n  terms 
of a few experimental parameters, as f o r  example the Racah parameters. 
For semiconductor purposes one i s  i n t e r e s t e d  i n  e l ec t ron  t r a n s i t i o n s  
from the impurity t o  one o f  t h e  bands of t h e  c r y s t a l ,  i.e., i n  t h e  
d i f f e rence  of energy of two configurations.  
Since t h e  de t a i l ed  mechanisms giving rise t o  t h e  c r y s t a l  f i e l d  
parameter h a r e  s t i l l  a subject  of controversy,  w e  have taken an 
e n t i r e l y  empir ical  approach. I n  Table I values of A a re  given f o r  
t he  3dn impur i t ies  i n  ZnS, ZnSe and Gap. Some of these  a re  from 
t h e  published l i t e r a t u r e ,  some from our  own unpublished r e s u l t s .  
(Where t h e  same impuri ty-crystal  combination has been studied by 
d i f f e r e n t  authors,  t h e r e  i s  usual ly  a discrepancy of a few hundred 
wave numbers i n  quoted values of A,  a r i s i n g  from d i f f e r e n t  c r i t e r i a  
i n  f i t t i n g  theory t o  experiment). Two usefu l  conclusions can be drawn 
from th i s  tab le .  F i r s t l y ,  t h e  values of A f o r  GaP f a l l  i n  t he  same 
range a s  do these f o r  the 1 1 - V I  compounds. The importance of t h i s  i s  
t h a t  t he re  i s  now a s u b s t a n t i a l  body of information ava i l ab le  concern- 
i n g  t r a n s i t i o n  metal ions i n  11-VI  compounds, and i t  appears t h a t  t h i s  
information can be appl ied w i t h  l i t t l e  modif icat ion t o  GaP. Secondly, 
t he  values cover a small  range, near ly  a l l  f a l l i n g  wi th in  4000 f 1000 cm 
As 1000 c m  i s  only 0.08 eV, i n  f i r s t  order  i t  i s  a reasonable approxi- 
mation t o  take  A as  constant.  
-1 . 
-1 
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TABLE I 
V a l u e s  of t h e  c r y s t a l  f i e l d  s p l i t t i n g  A i n  c m  -1 
Impuri ty  
S c  d1 
2 
T i  d 
3 V d  
4 
C r  d 
Mn d5 
6 
F e  d 
7 C o  d 
8 N i  d 
Cu d9 
ZnS 
- 
- 
- 
- 
5200 
-3000 
3750 
4750 
6240 
ZnSe 
- 
3750 
3350 
5600 
4050 
3200 
3800 
4350 
- 
G aP 
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